The E2 ubiquitin conjugating enzyme Ubc13 and the E3 ubiquitin ligases Rad18 and Rnf8 promote homologous recombination (HR)-mediated double-strand break (DSB) repair by enhancing polymerization of the Rad51 recombinase at γ-ray-induced DSB sites. To analyze functional interactions between the three enzymes, we created RAD18
INTRODUCTION
Anticancer therapeutic DNA-damaging agents including ionizing radiation, camptothecin (a topoisomerase I poison) and olaparib (an inhibitor against poly(ADP ribose)polymerase) kill cycling cells by inducing double-strand breaks (DSBs). These agents create DSBs in distinct manners, as ionizing radiation generates DSBs in genomic DNA in a higher-order chromatin structure, whereas camptothecin and olaparib generate DSBs in one of the two sister chromatids during DNA replication. Ionizing radiation-induced DSBs are repaired by both homologous recombination (HR) and nonhomologous end joining (NHEJ), [1] [2] [3] [4] whereas DSBs induced by camptothecin and olaparib are repaired exclusively by HR. [5] [6] [7] [8] [9] The two DSB repair pathways compete with each other as evidenced by the observation that the embryonic mortality caused by a defect in the HR factor BRCA1 is suppressed by the additional mutation of 53BP1, a factor involved in NHEJ. 10 Vital roles for Rad18 and Rnf8 in genome maintenance have been suggested from a number of studies on cells treated with small interfering RNA (siRNA) for transient depletion of Rad18 or Rnf8. However, the strong effects caused by such transient depletion require careful interpretation as both the RAD18 −/− and RNF8 −/− mice develop normally without showing prominent defects in meiotic HR or NHEJ-dependent V(D)J recombination in lymphoid precursors. [11] [12] [13] [14] [15] Lack of any prominent phenotype in these mice is partly attributable to difficulty in precise phenotypic analysis of DNA damage response using primary culture cells. Moreover, the acute effect caused by siRNA-mediated transient depletion can be greater than the long-term effect caused by the loss of functional proteins, due to compensation for the loss by upregulation of other proteins in the long term. To analyze the effects caused by the loss of ubiquitylation enzymes involved in DNA damage responses, we have generated isogenic mutants from a single parental cell line, DT40 cells. In addition, to precisely distinguish the catalytic role from the non-ubiquitylation role of Rad18 and Rnf8, we created ubiquitylation-dead mutants (RAD18 C29F/ − and RNF8 C398F/ − cells) as well as null mutants (RAD18 −/− and RNF8 −/− cells; Table 1 ). In this study, we analyzed the capability of RAD18 −/− , RNF8
suppressing the toxic effect of NHEJ on HR during the repair of DSBs induced by camptothecin and olaparib. Second, Rad18 and Rnf8 promote Rad51 focus formation independently of each other, whereas the two enzymes function in the same pathway in suppressing the toxic effect of NHEJ on HR. Third, the non-catalytic functioning of Rad18 and Rnf8 significantly contributes to Rad51 focus formation.
RESULTS

RNF8
− / − and UBC13 − / − cells display distinctly different phenotypes To disrupt the chicken RNF8 locus, we constructed two targeting vectors, RNF8-puro and RNF8-bsr (Supplementary Figure 1A) , and sequentially transfected these constructs into wild-type DT40 cells. Targeted disruption of the RNF8 gene was verified by Southern blot analysis of XbaI-digested genomic DNA with the use of an external 3′ probe (Supplementary Figure 1B) . Reverse transcription-PCR analysis showed the loss of RNF8 expression confirming disruption of the RNF8 gene (Supplementary Figure 1C) . RNF8 −/− cells proliferated with normal kinetics, whereas UBC13 −/− cells proliferated with slower kinetics due to spontaneously occurring apoptosis, compared with wild-type cells 16 ( Figure 1a ). The extent of apoptosis during the cell cycle was closely correlated with the number of spontaneously arising mitotic chromosomal breaks among isogenic DNA repair-deficient DT40 mutants. 17 In agreement with the close correlation, RNF8
−/− cells exhibited no increase in the number of spontaneous chromosomal breaks, whereas UBC13 −/− cells exhibit a significant increase (Figure 1b) . The severe genome instability of UBC13 −/− cells agrees with the embryonic lethality of UBC13 −/− mice. 18, 19 These observations indicate that Ubc13 is able to contribute to genome maintenance independently of Rnf8.
To determine in which DNA repair pathways Rnf8 has a role, we measured cellular survival after exposure of cells to DNAdamaging agents. KU70 −/− cells, but not RNF8 −/− cells, were sensitive to ICRF193, 20, 21 a catalytic inhibitor of topoisomerase II (Figure 1c ), indicating that Rnf8 is not involved in the promotion of canonical NHEJ. We then measured sensitivity to camptothecin (a topoisomerase I poison) and olaparib (a poly (ADP ribose) polymerase inhibitor), two chemotherapeutic agents that induce replication fork collapse. The subsequent restart of replication requires HR with the intact sister chromatid. [5] [6] [7] [8] [9] RNF8 −/− cells showed greater sensitivity to both camptothecin and olaparib than UBC13
−/− cells, and the sensitivity was completely reversed by complementation with a RNF8 transgene ( Supplementary   Figures 1D and F) . The hypersensitivity in RNF8 −/− cells to camptothecin is consistent with results of a previous study. 22 From the data of Figures 1d and e Figure 2a) ; however, they were similarly sensitive to camptothecin (Figure 2b) . Moreover, the three types of cells showed similar sensitivity to olaparib (Figure 2c ). In sharp contrast, RAD18
−/− cells showed significantly greater sensitivity to γ-rays than observed with RAD18 −/− or RNF8 −/− cells ( Figure 2d ). We therefore conclude that Rad18 and Rnf8 ubiquitin ligases operate in the same pathway in the HR-mediated repair of DSBs induced by the two chemotherapeutic agents, whereas Rad18 and Rnf8 can facilitate HR-mediated repair of γ-ray-induced DSBs independently of one another. To explore the role of the two ubiquitin ligases in HR, we measured Rad51 focus formation following γ-rays irradiation. The Rad51 focus formation of RAD18 
/RNF8
−/− cells. Thus, the two ubiquitin ligases independently promote the function of Rad51 at γ-rayinduced DSBs.
To investigate whether the functional redundancy seen in the DT40 clones were relevant to human cells, we analyzed γ-rayinduced Rad51 focus formation in human HCT116 cells. The depletion of Rnf8 was assessed by analyzing the disappearance of 53BP1 foci [23] [24] [25] (Supplementary Figure 3) . Similar to the observation in RAD18 −/− mouse embryonic fibroblasts, Figure 3) . We therefore conclude that Rad18 and Rnf8 independently contribute to the Rad51 focus formation at γ-ray-induced DSBs in the chicken and human cells.
The inactivation of NHEJ in RNF8
−/− and RAD18 −/− cells significantly restores their tolerance to camptothecin and olaparib The epistatic relationship between RAD18 and RNF8 in cellular tolerance to camptothecin and olaparib (Figures 2b and c) led us to investigate whether Rnf8 suppresses the toxic effect of NHEJ on HR as does Rad18. 3 We inactivated NHEJ by disrupting the KU70 gene in RNF8 −/− cells, and found that the loss of Ku70 in RNF8 
/KU70
−/− cells were more tolerant to olaparib than RAD18 −/− and RNF8 −/− cells (Figure 3b ). Thus, Rad18 and Rnf8 might suppress the toxic effect of NHEJ on HR. To verify that the observed cellular tolerance represents the capability of cells to repair one-end breaks, which occur as a consequence of replication over broken template strands, 
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Functional relationship between RAD18 and RNF8 in HR S Kobayashi et al we examined chromosomal aberrations in mitotic cells having been treated with camptothecin. RNF8 −/− and RAD18 −/− cells showed significant increases in the number of chromosomal aberrations compared with wild-type cells, whereas such increases were not seen in RNF8 −/− /KU70 −/− and RAD18 −/− /KU70 −/− cells ( Figure 3c ). Thus, cellular survival ( Figure 3a) represents the capability of cells to repair one-end breaks. Taken together, we conclude that the collaboration between Rad18 and Rnf8 suppresses the toxic effect of NHEJ on HR-dependent repair of one-end breaks (Figure 3c ).
There are three possible mechanisms underlying the toxic effect by NHEJ. The Ku proteins might suppress HR by inhibiting the polymerization of Rad51 at one-end breaks or by interfering with subsequent steps such as homology search and strand exchange. The third mechanism involves aberrant NHEJ of two one-end breaks derived from neighboring stalled replication forks. We measured Rad51 focus formation following exposure of cells to camptothecin, and found that the loss of Ku70 did not restore the Rad51 focus formation of RNF8 −/− cells ( Figure 3d and Supplementary Figure 2A) . Thus, Rnf8 suppresses the toxic effect of NHEJ on HR presumably by facilitating homology search and/or strand exchange. To address the third mechanism, we counted the number of radial chromosomes (Figures 3c, e and f), which arises mainly as a consequence of aberrant NHEJ, 10 as NHEJdeficient KU70
−/− cells exhibited a few times lower radial chromosomes events when compared with wild-type cells (Figure 3f ). The number of radial chromosomes in RAD18 Two breaks at the same site of both sister chromatids are defined as chromosome-type breaks (white rectangle), whereas breaks at one of the two sister chromatids are chromatid-type (gray rectangle). (c-e) Cellular sensitivity to ICRF193 (c), camptothecin (d) and olaparib (e) was analyzed. Survival rate was calculated as the percentage of surviving cells treated with DNA-damaging agents relative to the untreated surviving cells. The concentration or dose is displayed on the horizontal axis on a linear scale, whereas the survival rate is displayed on the y axis on a logarithmic scale. Error bars show the s.e. of the mean in at least three independent experiments.
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The number of Rad51 foci per cell Ionizing-radiation (2Gy)
Ionizing-radiation (Gy) Figure 2 . The Rad18 and Rnf8 ubiquitin ligases operate in the same pathway in cellular tolerance to camptothecin and olaparib, whereas they promote Rad51 recruitment to γ-ray-induced DSB sites independently of each other. Supplementary Figures 2A and B . Cells (100-200) were counted in each experiment, and error bars represent s.e. calculated from at least three independent experiments. P-value was calculated by a Student's t-test: *P o0.01 and NS (not significant). 
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In summary, Rnf8 and Rad18 facilitate HR in two distinctly different ways, the promotion of Rad51 polymerization at DSB sites and suppression of the toxic effect by NHEJ on HR. Moreover, the functional relationship between Rad18 and Rnf8 differs depending on DNA-damaging agents, as the two enzymes are compensatory for each other in the promotion of Rad51 polymerization at γ-ray-induced DSBs, whereas the two enzymes operate in the same pathway in maintaining replication fork progression when cells are exposed to camptothecin and olaparib.
The ubiquitylation activity of Rad18 and Rnf8 is essential for cellular tolerance to camptothecin and olaparib Accumulating evidence has suggested a non-catalytic (nonubiquitylation) function of Rad18 and Rnf8 in the initial step of HR-dependent DSB repair. [26] [27] [28] To address possible nonubiquitylation roles of Rad18 and Rnf8, we selectively inactivated the ubiquitylation activity by mutating C398F and C29F in the RNF8 and RAD18 genes, respectively, 26, 27, 29 and generated RNF8 Figures 4B and 5B ) and sequence analysis. The C398F mutation completely inactivates the ubiquitylation activity of Rnf8, as RNF8 C398F/ − as well as RNF8 −/− cells showed no ubiquitin foci at γ-ray-induced DSB sites (Supplementary Figure 4C) . The C29F mutation also inhibits the ubiquitylation activity of Rad18, as UVinduced monoubiquitylation of proliferating cell nuclear antigen (PCNA) was not increased in RAD18 C29F/ − or RAD18 −/− cells (Supplementary Figure 5C) .
We first evaluated the effects of the C29F and C398F mutations on the maintenance of genome integrity (Figure 1b) . The number of spontaneously arising mitotic chromosomal breaks in RNF8
C29F/ − and RAD18 −/− /RNF8 C398F/ − clones was very similar to that in RAD18 −/− /RNF8 −/− cells, indicating that the catalytic functioning of the two enzymes is critical for genome stability. Next we evaluated the effects of the C29F and C398F mutations on the cellular tolerance to camptothecin and olaparib (Figures 4a  and b) . The C29F and C398F mutations had the same effect on the cellular tolerance to both camptothecin and olaparib, as did the null mutations of the RAD18 and RNF8 genes (Figures 4a and b) . Therefore, the ubiquitylation activity of both Rad18 and Rnf8 is essential for repressing the toxic effect of NHEJ on HR-dependent DSB repair.
The contribution of non-ubiquitylation roles played by Rad18 and Rnf8 in initiating HR at γ-ray-induced DSB sites We next evaluated the non-catalytic functions of Rad18 and Rnf8 in the repair of γ-ray-induced DSBs as well as γ-ray-induced Rad51 focus formation. The RAD18 C29F mutation had the same effect on γ-ray sensitivity as the RAD18 −/− null mutation (Figure 4c) . Similarly, the RNF8 C398F mutation had the same effect on γ-ray sensitivity as the RNF8 −/− null mutation (Figure 4c) . Thus, the nonubiquitylation roles played by Rad18 and Rnf8 contribute only marginally, if any, to HR-dependent repair of γ-ray-induced DSBs. To assess the role of ubiquitylation by Rnf8 in Rad51 focus formation, we counted the number of Rad51 foci in ionizing irradiation treated RAD18 
/RNF8
−/− cells (Figure 4d ). This result indicates that Rnf8 promotes Rad51 polymerization through both non-catalytic and protein ubiquitylation, as suggested previously, 27 particularly when Rad18 is absent. Similarly, the Rad51 focus formation of RNF8 Figure 2B) , indicating that the non-catalytic function of Rad18 has an important role in Rad51 focus formation.
DISCUSSION
In this study, we demonstrated that Rad18 and Rnf8 facilitate HR by two distinct mechanisms, promotion of Rad51 focus formation and suppression of the toxic effect of NHEJ on HR. The latter mechanism does not require the promotion of Rad51 focus formation as the loss of Ku70 reversed the cellular tolerance of RNF8 −/− cells to camptothecin without changing Rad51 focus formation (Figure 3d) . Thus, Rad18 and Rnf8 contribute to cellular tolerance to antimalignant therapies with more complex mechanism than previously appreciated.
We also revealed complex functional relationships between the Rad18 and Rnf8 ubiquitin ligases. The two enzymes operate in the same pathway in cellular tolerance to camptothecin and olaparib (Figures 2b and c) , whereas they work independently in both cellular tolerance to radiotherapy (Figure 2d ) and promoting the function of Rad51 at DSBs induced by γ-rays (Figures 2e and f) . Moreover, the catalytic role of Rad18 and Rnf8 is required for the cellular tolerance to camptothecin, olaparib and radiotherapy (Figures 4a-c) , whereas the non-catalytic function of both enzymes contributed to Rad51 focus formation (Figure 4d ). In summary, the functional relationship between Rad18 and Rnf8 in DNA damage responses is distinctly different depending on the type of DNA damage.
Although a large number of studies previously suggested pivotal roles of Rad18 and Rnf8 in DNA damage responses, mice deficient in either Rad18 or Rnf8 display only modest phenotypes and are capable of performing meiotic HR. 13, 30 The moderate phenotypes imply that other related enzymes potentially compensate for the absence of Rad18 or Rnf8. We demonstrated in this study that the two enzymes compensate for one another in the maintenance of chromosomal DNA, as only RAD18 −/− /RNF8
−/− cells but not RAD18 −/− or RNF8 −/− cells showed severe genome instability (Figure 1b) as observed in UBC13 −/− cells. 16 Conceivably, the dramatic phenotype of RAD18 −/−
/RNF8
−/− and UBC13 −/− cells results from combined defects of HR-dependent DSB repair coupled with defects in post-replicational repair. In summary, Rad18 and Rnf8 have a substantially redundant role in genome maintenance.
HR has a dominant role over NHEJ in DSB repair of Saccharomyces cerevisiae, whereas HR and NHEJ contribute equally to the whole DSB repair outcome in metazoan cells. Given that in metazoans, a DSB is targeted by both HR and NHEJ, the two pathways could potentially interfere with each other and prevent effective DSB repair (reviewed in Chapman et al. 31 ). To avoid such interference, NHEJ must be actively inhibited, in particular for the repair of the DSBs that occur in one of the two sister chromatids during DNA replication. This is because camptothecin and olaparib induce numerous DSBs associated with replication and these DSBs are repaired accurately by HR but not by NHEJ. Recent study has reported that the loss of 53BP1 in Brca1-deficient cells rescues HR defect, indicating that Brca1 antagonizes 53BP1 and promotes end resection in S phase. 10 Our current study further revealed that a collaboration between Rad18 and Rnf8 prevent the function of NHEJ and thereby facilitates HR-mediated repair of DSBs induced by camptothecin and olaparib. Moreover, NHEJ causes an increase in the number of radial chromosomes in both RNF8 −/− and RAD18 −/− cells (Figures 3c and f) . We also revealed that the inhibition of NHEJ requires functional ubiquitylation capability of the two enzymes (Figures 4a and b) , perhaps monoubiquitylation by Rad18 followed by polyubiquitylation by Rnf8. The precise identity of the Rad18 and Rnf8 ubiquitylation substrate remains an important unresolved question. Although ubiquitylation of 53BP1, Ku80 and proteins involved in the Fanconi anemia pathway by Rad18 32, 33 was reported, they might not contribute to cellular tolerance to camptothecin and olaparib. The rationale for this is because 53BP1 and Ku80 could repress an initial step of HR, whereas Rad18 and Rnf8 inhibit the toxic effect of NHEJ on HR without affecting Rad51 focus formation (Figure 3d ). Future studies are required to identify substrates for ubiquitylation as well as the structure of ubiquitylation at various DNA lesions.
MATERIALS AND METHODS
Plasmid construction
For disrupting the RNF8 gene, RNF8-puro, RNF8-bsr and RNF8-neo were generated from genomic PCR products using the primers 5′-GTA ACTGTAGGCCGGGGATTAGATCTCACG-3′ and 5′-CGGCTCAGTTCTTCC ATCAGAGCATGATGC-3′. Amplified PCR products were cloned into the pCRII-TOPO vector (Invitrogen, Carlsbad, CA, USA). The 5.3-kb XbaI fragment from the cloned PCR amplified region was further subcloned into the XbaI site of the pBluescriptII KS (+) vector. Each marker gene cassette was ligated into the BamHI site that corresponds to the 86th amino-acid residue of the RNF8 coding sequence. The 1.2-kb fragment from genomic DNA amplified using the primers 5′-GCATCATGCTCT GATGGAAGAACTGAGCCG-3′ and 5′-GCAATAATGGTGGGAACTGCACATG TGGAG-3′ was used as a probe for Southern blot analysis. The expression of RNF8 mRNA was detected by reverse transcription-PCR using the primers 5′-GGCGGCATGGCAGCGTGCGGTGCCTCGAG-3′ and 5′-TTA CACTGTTTAGATAACGCAGTAGCTTCC-3′. Each RAD18 C29F and RNF8 Figure 1 . Error bars represent the s.e. of the mean in at least three independent experiments. (d) The average number of Rad51 foci at 1 h after γ-ray irradiation. More than 100 cells were counted in each experiment and the data represent the mean and s.e. from at least three independent experiments. *Po 0.01, **P o0.05 and NS (not significant).
RAD18 C29F/-
C398F knock-in vector was generated from genomic PCR using the following primers.
For RAD18 C29F, 5′-AGTCAGAAATAAGCGTGGGTGGATATCCGT-3′ 5′-GCTGAAGTAATCGAAGAAAATCCCACAGC-3′ for left arm, 5′-GCTGTGGGATTTTCTTCGATTACTTCAGC-3′ 5′-CTGGCAGAACTGAAGCTCTTCACTAGCTC-3′ for right arm. Amplified PCR products were cloned into pCR-Blunt II-TOPO vector (Invitrogen). The EcoRI fragment from this vector was further subcloned into the NotI site of the pBluescriptII KS (+) vector. NotI site of this vector was used to clone a marker gene (puro) cassette.
For RNF8 C398F, 5′-GGAGTAAAATGGAAAGATGGGGAAGAGAAT-3′ 5′-GCTCAGAACAGATTGTGAACTGCAGCTC-3′ for left arm, 5′-GAGCTGCAGTTCACAATCTGTTCTGAGC-3′ 5′-TTAGATAACGCAGTAGCTTCCATTAT-3′ for right arm. Amplified PCR products were cloned into pCR-Blunt II-TOPO vector (Invitrogen). ScaI site was used to clone a marker gene (puro) cassette.
To detect full-length RNF8 and RAD18 mRNAs, following primers were used.
For RNF8, 5′-ATGGCAGCGTGCGGTGCCTCGAGGCC-3′ 5′-TTAGATAACGCAGTAGCTTCCATTAT-3'. For RAD18, 5′-ATGGCCCTGGCGCTGCCCGAACCGC-3′ 5′-TCAGCTCTTCTTCCTCTTGCTCCTG-3′. For the detection of PCNA mRNA, 5′-GGGATGTTTGAGGCGCGGCTTGT-3′ 5′-CCTCAGTCCCAGTGCAGTTAAGA-3′. 
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Chromosome aberration analysis
Karyotype analysis was performed as described previously. 34 For the morphological analysis of chromosome aberrations, cells were treated with colcemid for 3 h to enrich for mitotic cells. To count camptothecin-induced chromosomal aberrations, cells were treated with 10 or 100 nM camptothcin for 8h and colcemid was added in the last 3 h.
Measurement of cellular sensitivity to DNA-damaging agents
We measured the amount of ATP in cellular lysates to determine the number of live cells. 35 Cells were treated with each DNA-damaging agent in 1 ml of medium using 24-well plates and incubated at 39.5°C for 48 h (or 72 h for olaparib). We transferred 100 μl of medium containing the cells to 96-well plates and measured the amount of ATP using CellTiter-Glo (Promega, Madison, WI, USA) according to the manufacturer's instructions. Luminescence was measured by Fluoroskan Ascent FL (Thermo Fisher Scientific Inc., Pittsburgh, PA, USA) or ARVO X5 (Perkin Elmer Inc., Branchburg, NJ, USA).
Immunofluorescent visualization of subnuclear focus formation
The experimental conditions for the immunocytochemical analysis were previously described. 28 Briefly, 30 min for FK2 or 1 h for Rad51 after irradiation with 137 Cs γ-ray (4 Gy) or after exposure to camptothecin (40 nM) for 1 h, DT40 cells (7 × 10 5 cells/ml) were collected on a glass slide using Cytospin3 (Shandon, Pittsburgh, PA, USA). Cells were fixed with 4% formaldehyde for 10 min at room temperature. After blocking with 3% bovine serum albumin/phosphate-buffered saline with Tween-20, the fixed cells were treated with specific antibodies. Visualization of the Rad51 and FK2 foci was performed as previously described, using the anti-Rad51 rabbit polyclonal antibody (Bioacademia Inc., Osaka, Japan) or the mouse FK2 antibody (Nippon Biotest Laboratories, Tokyo, Japan). At least 100 morphologically intact cells were examined.
Human HCT116 cells were grown on coverslips and then washed twice with phosphate-buffered saline before fixation. The cells were fixed with 3% paraformaldehyde and permeabilized with 0.5% Triton-X-100/phosphatebuffered saline. After blocking with 3% goat serum/phosphate-buffered saline, the cells were stained with a Rad51 rabbit polyclonal and a 53BP1 mouse monoclonal antibody (BD Bioscience, San Jose, CA, USA) at 4°C overnight. For secondary staining, we used a goat Alexa555 anti-rabbit (Invitrogen) and a goat Alexa488 anti-mouse antibody (Invitrogen). The DNA was stained with 4',6-diamidino-2-phenylindole. The coverslips were mounted with Prolong Gold mounting agent (Invitrogen).
siRNA transfection
The following siRNAs were used in this study: control (MISSION SIC-002, Sigma Genosys, Tokyo, Japan), RNF8 (Thermo Fisher Scientific Inc.) and BRCA1 5′-GGA ACC UGU CUC CAC AAA GTT-3′ (Sigma Genosys). RNA interference transfection for RNF8 and BRCA1 was performed using Lipofectamin RNAiMAX (Invitrogen) in reverse transfection mode.
Western blot analysis of monoubiquitylation of PCNA For the detection of PCNA monoubiquitylation, 1 × 10 7 cells were irradiated with 30 J/m 2 UV and lysed 1.5 h post treatment with Laemli sample buffer and 5% 2-ME and then boiled for 5 min followed by ice incubation. The sample (10 μl) was run in an SDS-polyacrylamide electrophoresis gel and then proteins were electroblotted onto a polyvinylidene fluoride membrane. The following antibodies were used: mouse monoclonal PCNA PC10 (Santa Cruz, Santa Cruz, CA, USA) and anti-mouse IgG HRP liked (Santa Cruz). Proteins were visualized by Chemi-Lumi One Super (Nacalai Tesque, Inc., Kyoto, Japan).
